characterized by high proliferative indexes, a shortened Sphase, and are increased in prevalence in the 50-to 56-day-old juvenile animal. Juvenile animals receiving a carcinogenic insult with dimethylbenz[a]anthracene (DMBA) at 50 postnatal days (PND50) have enhanced tumor multiplicity and incidence during this time period when TEB are undergoing development to alveolar buds (AB) (46) . Sinha et al. (54) established a direct relationship between mammary tumorigenesis induced by DMBA and proliferative (labeling) index at PND50.
Mammary development and proliferation are known to be orchestrated by numerous reproductive hormones as well as transcriptional elements (13, 50) . The Sprague-Dawley rodent model has demonstrated remarkably similar changes to the human cyclic ovarian hormone changes seen during the menses, including proliferation indexes, morphologic phenotype, and mRNA expression (16, 51) . Transcriptional and hormonal control is necessary to coordinate the development and proliferation needed for normal maturation of the mammary gland. Epidemiologic observations have linked earlier onset of puberty and changes in the morphology of the mammary gland to subsequent enhanced susceptibility to carcinogenesis (9) . Hormonal manipulation of the developing gland has been shown to confer some protection against developing mammary tumors in the rodent model (16, 39, 51) . The mechanism of these controls during mammary development has not been fully explained. Determining the effects of fatty acids on transcriptional control during development is a subject of this study.
As early as 1975, a relationship between dietary fat intake and breast cancer age-adjusted death rate had been established for human populations (9) . Since that time, results on both human and animal studies remain conflicted for a number of reasons (1, 6, 8, 21, 25, 27) . Willett (59) reviewed human studies that estimated the diet to be an avoidable causal factor in 10 -70% of new breast cancers. Both in vivo and in vitro studies have shown that specific fatty acids have effects on gene expression (11, 12, 42, 56) . For example, certain polyunsaturated fatty acids (PUFAs) are often associated with activation of the transcription factor (TF) peroxisome proliferatoractivated receptor (alpha, delta, and gamma) (34) and hepatocyte nuclear factor-4 alpha and sterol regulatory element binding protein-1c (33) . More recently, effects of soy protein diets on expression of genes regulating metabolism, ion transport, and immune response in laser capture microdissected (LCM) mammary epithelial cells of Sprague-Dawley rats have been reported (56) . The expression of proliferation markers has been negatively linked to dietary caloric restriction leading to inhibition of cell cycle progression (26, 32) .
Controlled animal studies have sought to link fat consumption with breast cancer incidence with results which remain difficult to interpret. A majority of studies show a link of n-6 PUFA to enhanced susceptibility to carcinogens (18, 24) . Ip et al. (28) showed an optimum tumorigenic response with an n-6 diet supplemented with 4% essential fatty acid (28) in the DMBA rat model. Few data exist to support a role of monounsaturated fatty acids in tumorigenesis (23) . Some hypothesize that olive oil, while protective against breast cancer, has a mechanism independent of its high monounsaturated fatty acid content (53) . In a meta-analysis of rodent studies no conclusive results were obtained regarding inhibitory action of monounsaturated fatty acids in carcinogenesis studies (18) . Lasekan showed that olive oil supplemented with a small amount of essential fatty acid when given after DMBA treatment at day 50 resulted in increased tumor promotion (37) . The saturated fats found in butter fat have not conclusively been linked to breast cancer in animals (18, 44) . There are few data examining the role of these agents in mammary gland differentiation or puberty.
In the present study we altered the consumption and level of dietary fatty acids beginning in the maternal diet of SpragueDawley rats and continuing throughout life of the female pups, mimicking the repetitive nature of Western diet exposure. We specifically looked at gene expression profiles from lasercaptured mammary gland epithelial cells at day of weaning (PND21) and at the end of puberty (PND50) and identified critical biochemical pathways which may be altered by nutritional modification.
MATERIALS AND METHODS
Dietary exposures and animal breeding. Female, virgin SpragueDawley rats were obtained from Taconic Farms (Germantown, NY) at ϳ7 wk of age and placed on one of seven pelleted purified diets [Supplemental (Spl.) Table S1 1 Research Diets, New Brunswick, NJ)] for 1 mo. Animals were housed individually in a temperature-and humidity-controlled room in the AALAC-approved University of Cincinnati facility under a 12-h light-dark cycle. All rats were provided food and tap water ad libitum, and animals were housed on Sani-chips bedding (P. J. Murphy Forest Products, Montville, NJ). All animal procedures were approved by the University of Cincinnati Institutional Animal Care and Use Committee, and the experiments were performed following the guidelines of the National Institutes of Health (NIH) for the proper and humane use of animals in biomedical research. After 1 mo of diet exposure, female rats were bred with male Sprague-Dawley rats of ϳ3 mo of age in stainless steel hanging cages. Mating plugs were noted and recorded as gestational day 1, and females were returned to single housing during the remainder of the gestational period. Males were used to sire only two litters from different diets; dams were used for only one litter. Litters were culled to eight pups within 2nd day after birth (PND2), keeping all female pups and sufficient males to balance. Litters were weighed and monitored throughout the lactational period and for the duration of the study. Pups had access to dam's milk as well as tap water and food throughout lactation. Pups were weaned at PND21 and individually housed on Sani-chips bedding with tap water and appropriate diets ad libitum. Offspring rats were killed by CO 2 asphyxiation at approximately PND21 and PND50 with no other treatments.
Diets. Female rat pups from in-house breeding consumed high-fat (39% of kcal) or low-fat (10% of kcal) versions of one of these diets or the reference diet (16% of kcal from fat). Ten and thirty-nine percent fat by kcal reflect a minimum and high fat content, respectively, consumed in the Western diet. The mothers of the pups consumed the same diet before and throughout gestation and lactation. We evaluated pups at key time points in their lifetime, weaning (PND21) and the end of puberty (PND50), which correspond to important milestones in human mammary development and maturation. Studies detailed here evaluate the effects of AIN-93G-based formulated diets containing primarily one specific dietary fatty acid (olive or safflower oil or butter) on the mammary development in young and pubescent offspring consuming the same diets as their mothers. Diet formulations (Research Diets) appear in Spl. Table S1 . Diets reflect a mixture of fatty acids as found in the typical diet. The fatty acids in these diets primarily consisted of n-9 monounsaturated fatty acids (oleic acid-olive oil-HFO, LFO), n-6 polyunsaturated fatty acids (linoleic acid-safflower-HFS, LFS), saturated acids (palmiticacid-butter-HFB, LFB), or a reference diet (soy oil-AIN-93G or Reference). The diets were controlled for caloric content, vitamins, salts, and protein but varied in fat and carbohydrate content and therefore density. AIN-93G with a soy oil base, a widely used diet for mammary studies, was used here as the reference diet. A basal amount of soy oil was added to each of the diets to provide essential fatty acids lacking in some of the diets.
Tissue preparation and LCM. The mammary glands were dissected, and the fresh tissue specimens were embedded using TissueTek OCT compound (Sakura Fineteck USA, Torrance, CA), snapfrozen, and stored at Ϫ80°C. The frozen mammary tissue was sectioned to 10 m thickness with a cryostat (Leica Bannockburn, IL) and stored at Ϫ80°C until use. The tissue sections were stained with hematoxylin and eosin, and immediately laser capture microdissection was performed using the PixCell II, Arcturus LCM system (Arcturus, Sunnyvale, CA). Mammary ductal epithelial cells were captured at a total of 10 -12,000 hits for each sample. RNA was isolated using TRI Reagent according to manufacturer's protocol (#TR118; Molecular Research Center, Cincinnati, OH).
Microarray analysis using Affymetrix GeneChip technology. The quality of total RNA was first analyzed by Agilent Bioanalyzer 2100. RNA samples with RIN (RNA integrity number) Ͼ7.0 are acceptable for microarray analysis (a RIN of Ͼ5.0 is acceptable for LCM samples). Total RNA samples of 1 g or greater were amplified one round, and the amplified RNA (aRNA) was biotinylated using Ambion Biotin-Enhanced Message Amp II kit (#1791; Ambion, Austin, TX), following the manufacturer's protocols. Samples of 10 -100 ng including those extracted from LCM samples were amplified two rounds using Ambion's Message Amp II Kit (#1751, Ambion) followed by the Biotin-Enhanced Message Amp II Kit following manufacturer's protocols. Rat Genome 230 2.0 Array GeneChips were hybridized with 15 g of fragmented aRNA. The hybridization, staining, and washing were carried out using the Affymetrix GeneChip Hybridization Wash and Stain Kit (P/N 900720) following the manufacturer's protocols. The arrays were hybridized for 16 h at 45°C using an Affymetrix Hybridization Oven 640 (P/N 800139). FS450_0001 protocol was used for staining and washing the GeneChips using the Affymetrix Fluidics Station 450 (P/N 00-0079). The GeneChips were scanned with Affymetrix GeneChip Scanner 3000 7G using GCOS software and Affymetrix preset settings.
Data normalization and statistical analysis. The data were analyzed to identify genes differentially expressed between fatty acid diets and the reference AIN-93G diet, and between the high-and low-fat fatty acid diets. All statistical analyses were performed separately for the two rat age groups (PND21 and PND50). The data were normalized Multichip Average (RMA) protocol (30) and Entrez Gene-specific probe set definitions (14) . The statistical analysis was performed using the limma (55) package from the Bioconductor project (22) . Initially, the batch effects were factored out by fitting a two-way ANOVA model with the batch designation and the diet type as the explanatory variables and by subtracting the batch effect estimate from each gene expression measurement. Differentially expressed genes were identified by performing separate moderated t-test analysis for each diet compared with the reference AIN-93G diet and for each high-fat vs. corresponding low-fat fatty acid diet using the intensity-based empirical Bayes method (IBMT) (48) . We also performed a two-way ANOVA analysis with the high vs. low fat and type of fatty acid as the two factors in the model to assess the overall effect of the high-fat diet adjusted for the effect of the different type of the diet. IBMT-based P values were adjusted for multiple comparisons using the false discovery approach [false discovery rate (FDR)] (7). Genes with statistically significant differences at FDR Ͻ0.1 and the magnitude of change at least 1 on the log 2 scale (twofold change) were considered differentially expressed. MIAMI-annotated primary and processed microarray data can be downloaded from the support web page http://eh3.uc.edu/supplements/diets and can be interactively queried and analyzed through Genomics Portals (http://GenomicsPortals.org). Data have also been deposited in the Gene Expression Omnibus database under the accession identifier GSE14933.
Functional analysis of differentially expressed genes. The functional analysis of the differentially expressed genes was performed by assessing the statistical significance of enrichment of different Gene Ontologies (GO) (3) and KEGG pathways (36) using the DAVID functional analysis tool (15), Bioconductor procedures (22), the CLEAN package (20) , and the Ingenuity Pathway Analysis (http:// www.ingenuity.com).
Cluster analysis. The cluster analysis was performed to identify genes with a coherent expression pattern across all diets and both age groups (PND21 and PND50). A gene was selected to be clustered if it was differentially expressed between any fatty acid diet and the reference AIN-93G diet with P value Ͻ0.01 and the magnitude of at least 1.5-fold. A total of 1,109 genes were selected for clustering based on these criteria. The clustering of log 2-average ratios between each diet and the corresponding AIN-93G reference was performed using the context-specific infinite mixture model (38) with expression profiles from different age groups being placed in two different contexts. The functional analysis of resulting hierarchical clustering of gene expression profiles was performed using the CLustering Enrichment ANalysis (CLEAN) framework (20) . The significance of functional enrichment obtained in the CLEAN analysis was assessed by comparing it to levels of enrichment obtained by performing the same type of analysis on a set of randomly selected 1,109 genes from our dataset. Results of the cluster analysis can be interactively browsed at the support web page (http://eh3.uc.edu/supplements/diets).
Identifying enriched regulatory motifs. Computational search for TF binding motifs enriched in promoters of coclustered genes was performed on the human homologs of the rat genes identified in the analysis. Human homologs were established using the National Center for Biotechnology Information's homologene database (49) . Only promoter regions with high-level conservation between human, mouse, and rat genomes were considered in the analysis (UCSC Genome Browser conservation score of at least 3,000). For each of the 304 human TFs with at least one position weight matrix (PWM) in the Transfac version 12.1 database, we scored genes as to how likely they were to have such a motif within 500 bases of their transcription start site (TSS). Suppose that jl is the l th PWM defining the DNA binding motif of length L(jl) associated with the j th TF and Sijx is any DNA fragment of length L(jl) in the 1 kbp DNA region around the TSS for the i th gene. The score measuring the likelihood of Sijx being the binding site for the j th TF is calculated as
where p(Sijx jl) is the probability of Sijx being generated by the product multinomial model with the PWM jl and p(Sijx 0) is the probability of Sijx being generated by the background 3rd order Markov chain with the transition matrix 0 estimated using 1 kb fragments around TSS for all genes in the genome. The gene-specific scores for the i th gene and the j th TF are then calculated as:
where the S ijkl is the k th fragment from the promoter of i th gene, which for which Rijlk Ͼ1.5, and mj is the number of different PWMs associated with the j th TF. For each TF we selected top 750 targets with the highest score. When fewer than 750 gene promoters had score Ͼ0, we selected all such gene promoters. After all rat genes on the microarray were mapped to their respective human genes, most TFs were represented by ϳ350 genes. The statistical significance of the overlap between the genes in the cluster and genes with the highest chance of containing a TF binding motif in their promoters was established using the Fisher's exact test.
Analysis of human breast cancer data. The analysis of human breast cancer data for up-and downregulated genes was performed using the Genomics Portals web tools (http://GenomicsPortals.org) to query the GSE3494Entrez dataset. This dataset was created by downloading the original .CEL files for the GSE3494 dataset (40) from Gene Expression Omnibus (GEO) database (5) and processing them using Entrez Gene-centric definitions (14) . The conversions of rat gene identifiers to human gene identifiers were done automatically based on the homologene mappings (49) .
Real-time q-PCR. The cDNA was made from 1 g of two times amplified RNA from the same samples as used in the microarray analysis, using the High-Capacity cDNA reverse Transcription Kit from Applied Biosystems. TaqMan Gene Expression Assays were purchased from Applied Biosystems [glyceraldehyde-3-phosphate dehydrogenase (GAPDH) Rn99999916_s1, cyclin-dependent kinase inhibitor 3 predicted (Cdkn3_predicted) Rn01414656_m1, polo-like kinase 1 (Plk1) Rn01510931_m1, aurora kinase B (Aurkb) Rn01460656_ m1, cyclin B1 (Ccnab1) Rn00596848_m1, pituitary tumor-transforming 1 (Pttg1) Rn00574373_m1, M-phase phosphoprotein 1 predicted (Mphosph1_predicted) Rn01454431_m1, Ect2 oncogene predicted (Ect2_predicted) Rn01457088_m1, cyclin A2 (Ccna2) Rn01493715_m1, and E2F transcription factor 8 (E2f8) Rn01476919_m1]. The RT-q-PCR was set up according to the manufacturer's protocol and run on the StepOne Plus Real-Time PCR instrument (Applied Biosystems) using the TaqMan Fast Universal PCR Master Mix. Relative differences in q-RT-PCR among samples were determined by the ⌬⌬C T method. For each sample ⌬CT was obtained by averaging CTs from three replicated runs and subtracting the corresponding average GAPDH CT. Statistical significance of differences between ⌬CT for AIN-93G samples and fatty acid samples (⌬⌬CT) was established using the nonparametric Wilcoxon rank test.
Immunohistochemistry. Alcoholic-formalin fixed, paraffin-embedded specimens were sectioned on a microtome at 5 m, and unheated slides were stained by immunohistochemistry for Proliferating Cell Nuclear Antigen (PCNA-Leica Microsystems, Bannockburn, IL); clone PC10 at 1:600 with CC1 mild conditioning. All immunohistochemistry was performed on the Ventana Benchmark (Oro Valley, AZ) automated immunostainer using the Ventana I-View open secondary DAB detection kit. Biotinylated, rat adsorbed horse antimouse (Vector Laboratories, Burlingame, CA) was used as the secondary antibody at 1:150. Isotype-specific mouse IgG added in place of the primary antibody was used as a negative control. diets on increased proliferation as evidenced by upregulation of proliferative markers at mRNA and protein level.
Differential gene expression. Gene expression levels were examined in LCM-captured epithelial cells using the Affymetrix microarrays. For each age group separately, we identified genes with disregulated expression in at least one of the six fatty acid diets compared with the reference AIN-93G diet. Out of the total of 11,498 genes examined, 44 were differentially expressed (FDR Ͻ0.1 and differential expression of at least twofold) between at least one of the test diets and the reference diet at PND21 and 90 gene were differentially expressed at PND50. The combined list contained 113 unique genes differentially expressed either at 21 days, 50 days, or both. Gene expression patterns for all differentially expressed genes are depicted in Spl. Fig. S1 and listed in Spl. Table S2 . Differential expression of selected upregulated genes (Ccna2, Ccnb1, Cdkn3, Aurkb, Ect2, Plk1, Pttg1, and Mphosph1) were also examined by the quantitative PCR analysis. Differential expression patterns of all of these selected genes except Mphosph1 were confirmed by q-PCR analysis (Fig. 1) .
We also examined differences in gene expression levels between low-and high-fat diets of the same type. Using the same significance criteria (FDR Ͻ0.1 and twofold differential expression), we found none of the 11,498 genes showed differential expression in either simple pair-wise comparisons or in the two-way ANOVA (see MATERIALS AND METHODS).
Functional analysis. Separate functional analyses of the two groups (PND21 and PND50) of differentially expressed genes identified the same GO category, "mitotic cell cycle," as being the most enriched (FDR Ͻ5 ϫ 50 Ϫ5 at day 21, FDR Ͻ4 ϫ 10 Ϫ17 for day 50, and 8 ϫ 10 Ϫ18 in the combined list). In the first group, 12 out of 44 genes were cell cycle related, and in the second group 28 out of 90 genes were cell cycle related (Table 1) . Although the genes were not selected based on the directionality of differential expression, virtually all cell cyclerelated genes showed the concordant differential expression relative to AIN-93G with statistical significance reached in at least one diet at both time points.
In addition to GO we examined enrichment of differentially expressed genes in KEGG pathways and canonical pathways Fig. 1 . Quantitative PCR validation of differential expression for key gene at day 50. The data are represented as the percent increase over the control diet. Triangles represent statistically significant differential expression at P value Ͻ0.1 using the nonparametric Wilcoxon test (OE) and using the simple t-test (‚). Diets: HFB, high fat butter; HFO, high fat olive oil; HFS, high fat safflower oil; LFB, low fat butter; LFO, low fat olive oil; LFS, low fat safflower oil.
defined by the Ingenuity Pathway Analysis system. Out of all KEGG pathways, cell cycle pathway was most highly enriched by differentially expressed genes (10 out of 90 genes differentially expressed at 50 days, FDR ϭ 1.3 ϫ 10 Ϫ7 ). Out of all Ingenuity canonical pathways, G2/M check point pathway was the most significantly (4 out of 90 genes, P value Ͻ0.0001). Altogether, based on both GOs and KEGG pathways there were 32 cell cycle-related genes differentially expressed at PND50 and 12 at PND21.
The low-and high-fat butter and the high-fat olive induced statistically significant differential expression at day 50 relative to the reference diet in more cell cycle genes than the other three diets. The other diets (high-and low-fat safflower and low-fat olive) showed some of the same trends but failed to reach the statistical significance in some comparisons (Table 1 and Spl. Fig. S2) . Also, the analysis of the PND21 differential gene expression data exhibited upregulation of some of the same genes identified in the 50 days analysis but reached significance of differential expression only in the high-fat olive oil diet. For example, high-fat olive oil reached the statistical significance at PND50 in 32 out of 32 cell-cycle genes significant at PND50 (Spl. Fig. S2, red bars) . Although differential expression for high-fat safflower oil reached statistical significance in only 1 out of 32 cell cycle genes at PND50, it had PND, postnatal day. Diets: HFB, high fat butter; HFO, high fat olive oil; HFS, high fat safflower oil; LFB, low fat butter; LFO, low fat olive oil; LFS, low fat safflower oil. concordant direction of the change compared with the reference AIN-93G diet in all 32 cell cycle genes and was statistically significant at the lower significance level (P value Ͻ0.01) in 19 out of 32 cell cycle genes significant at PND50 (Spl. Fig.  S2 , red bars and green bars).
Cluster analysis. We used a cluster analysis in combination with functional analysis to define broader patterns of gene expression profiles associated with different diets. For cluster analysis, we selected 1,109 genes with 1.5 differential expression and P values Յ0.01 between at least one of the fatty acid diets and the reference AIN-93G diet at either 21 or 50 days. The cluster analysis was followed by the systematic assessment of functional coherence of all possible clusters (see MATERIALS AND METHODS). This analysis yielded three distinct clusters of coexpressed genes highly enriched for genes belonging to relevant functional categories outlined in Spl. Fig. S3 (immunity, sterol metabolism, and cell cycle).
The "cell cycle" cluster consisted of 426 coexpressed genes that included 62 cell cycle-related genes. GO category "cell cycle" showed the highest statistical significance of enrichment (Fisher's FDR ϭ 6 ϫ 10 Ϫ22 ). The 62 cell cycle related genes along with their log 2 differential expressions are listed in Spl. Table S3 . The general expression pattern of these genes followed the expression pattern of cell cycle-related genes identified by the more stringent criteria (Spl. Figs. S1 and S2 and Table 1 ). In general, they were upregulated for all diets at both time points with PND50 upregulation being stronger.
We performed a computational analysis of promoter regions of genes in this cluster to search for common TF binding motifs. Promoter regions of these genes were enriched (Fisher's test FDR Ͻ0.05) for the binding motifs of the NF-Y TF and three E2F complexes (RB-E2F1-DP1, E2F4-DP2, and E2F4-DP1). The involvement of the E2F family of TFs was further assessed by comparing the list of genes in this cluster to E2F targets established by ChIP-chip analysis (60) . The 30 gene overlap between the genes in the "cell cycle" cluster and the ChIP chip-derived E2F targets represented highly statistically significant enrichment (Fisher's test P value Ͻ10 Ϫ8 ). Finally, 9 out of 12 genes upregulated by E2F1 gene in rat fibroblasts in vitro (35) were also among the genes in the "cell cycle" cluster.
The "immunity" cluster consisted of 362 coexpressed genes which included 49 immunity-related genes. The GO category "immune response" showed the highest statistical significance of enrichment (Fisher's FDR ϭ 9 ϫ 10 Ϫ11 ). Immunity-related genes along with their log 2 differential expressions for various fatty acid diets in comparison to corresponding reference diet are given in Spl. Table S4 . Expression levels of these genes indicated downregulation at PND21 but relatively little change or slight downregulation at PND50 (Fig. 2 and Spl. Table S4 ). Based on the computational analysis, promoters of genes in this cluster were enriched for the binding motifs of the Irf8 TF (Fisher's test FDR Ͻ0.05).
The "steroid cluster" consisted of 50 coexpressed genes that included six genes related to steroid biosynthesis (Spl. Table  S5 ). The GO category "sterol biosynthetic process" showed the highest statistical significance of enrichment (Fisher's FDR ϭ 2 ϫ 10
Ϫ6
). These steroid-related genes were upregulated at PND21 and not changed or somewhat downregulated at PND50 (Spl. Fig. S3 and Spl. Table S5 ). Four out of six sterol-related genes (Sqle, Hmgcr, Dhcr7, Hsd17b7) in this cluster have been shown to be upregulated by estradiol under different physiological conditions (10, 17, 31, 57) .
Proliferation by PCNA immunohistochemical staining. Increased proliferation at PND50 of mammary epithelium of rats on all of the low-and high-fat test diets was confirmed by proliferating cell nuclear antigen (PCNA) antibody staining. The proportion of PCNA positively stained cells was significantly higher (approximately twofold increase, P value Ͻ0.05) in the mammary epithelium of rats on all fatty acid diets compared with the reference AIN-93G diet (Fig. 2) . Although some of the fatty acid diets seemed to have had a stronger effect on the expression of cell cycle genes than the others, there was no difference in PCNA measurement of cellular proliferation between different test diets.
Proliferation signature in human breast tumors. We compared 62 cell cycle-related rat genes from our "cell cycle" cluster to a published human breast cancer proliferation cluster of 45 genes (58) . Human homologs of 27 of 62 rat cell cycle genes were included in this human breast cancer cluster of 45 genes. The nature of the gene expression pattern identified in the differential gene expression analysis was further characterized by analyzing gene expression profiles of human primary breast tumors (40) . We hypothesize that the gene expression patterns in our data are reflective of increased proliferation of mammary epithelium and that the same genes will be associated with the proliferation of human breast tumors. Indeed, 54 of 69 human homologs of rat genes upregulated either at 21 or 50 days according to the high-stringency criteria were positively correlated with the size of the human tumors (Spl. Fig.  S4 ). Conversely, 7 out of 15 human homologs of downregulated rat genes were negatively correlated with the tumor size (Spl. Fig. S5 ).
DISCUSSION
We investigated the effects of high and low fat-enriched diets on expression of genes in LCM-captured mammary epithelial cells. Our study demonstrated that the exposure to dietary fatty acids prior and during puberty significantly altered the proliferation pathways in the LCM-captured mammary epithelial cells and in some cases the G2M checkpoint pathways compared with the reference AIN-93G diet. Upregulated genes were enriched for proliferation marker genes (e.g., Ccnb1, Ccna2, Plk1, Aurkb, Top2a, Bub1) and genes putatively regulated by E2F family of TFs. Differentially expressed genes were statistically significantly enriched with rat homologs of genes from the previously established human breast cancer proliferation signature. Also, expression profiles of differentially expressed rat genes showed strong correlation with the expression of respective human homologs in human breast tumor expression data. Functional relevance of the upregulation in gene expression of proliferation-related genes was confirmed by the approximately twofold increase in proliferation rates as measured by PCNA immunohistochemistry.
Previous studies have also found that the fat composition of the diet modulates the proliferation of mammary epithelium using PCNA staining (43) . The proportion of PCNA-stained mammary ductal epithelial cells in the reference diet in the Olivo and Hilakivi-Clarke study (43) was the same as observed by us (ϳ250 stained cells per 1,000 cells, Fig. 2 ). This similarity in proliferation rates between the two studies suggests that this is the baseline mammary ductal proliferation rate for the reference AIN-93G diet in Sprague-Dawley rats at the end of puberty. In that study, there were no differences between the high-fat diets high in n-6 PUFA compared with the low-fat diet high in n-6 PUFA (reference AIN-93G diet). In our study the low-and high-fat test diets showed the same level of increased proliferation compared with the reference AIN-93G diet as measured by PCNA staining (Fig. 2) . Some of the fatty acid diets induced statistically significant differential expression in more cell cycle genes compared with the reference AIN-93G diet than others. However, there was no statistically significant differentially expressed genes between high-and low-fat diets, which correlates with similar proliferation rates observed in fatty acid diets at PND50. The fact that our data do not completely correlate with the Olivo and Hilakivi-Clarke study (43) is probably due to significant compositional differences between our test diets and n-6/n-3 PUFAs used in that study (43) . Length of diet exposure, rat strain, litter size, and time of sampling are additional differences between the studies which could have contributed to the differences.
A closer inspection of the genes in the cell cycle cluster identified E2F family of TFs as the regulatory effectors of fatty acid diets. Two members of the family (E2F1 and E2F8) were themselves differentially expressed (Spl. Table S3 ). The DNA binding motifs recognized by E2F TFs were enriched in the promoters of genes from this cell cycle cluster. Also, the cluster was enriched for genes bound by E2F TFs identified in ChIP-chip (60) experiments and for genes upregulated by E2F1 in in vitro experiments (35) . E2F TFs have been established as essential regulators of both normal mammary development (2) and tumor progression (41) .
Increased proliferation rates have been shown to increase susceptibility to carcinogenesis (47) . Other studies have found the significant correlation between diet-induced reduction of mammary proliferation and the reduced sensitivity to chemically induced carcinogenesis in rat (29, 43) . Also, in utero dietary exposure to soy protein was shown to be protective against DMBA (4)-and NMU (52)-induced mammary cancers in the same rat model, but the gene expression patterns induced by these dietary regiments are significantly different from our study (56) . Future studies will determine the exact mechanisms by which fatty acids are causing the increased proliferation of mammary epithelium and the consequences of such increased proliferation on the increased susceptibility to carcinogen induced tumors during puberty and later in life.
We compared results of our studies to the established human breast cancer proliferation gene expression signature as well as gene expression data from primary human breast tumors. There was a high level of concordance of our cell cycle gene lists with the list of genes defining the human breast cancer prolif-eration signature (40) . Furthermore, when we examined expression levels of human homologs of genes constituting our proliferation signature in primary human tumors we found that they almost perfectly correlate with the tumor size. There are several reasons why these results are relevant in the context of our experimental data analysis. First, the concordance between the "proliferation signature" and the primary tumor data in breast cancers is additional evidence that the pattern we identified is indeed a proliferation signature. The second aspect of this analysis is the connection between the animal model and human cancers. It is not surprising that mammary proliferation in the rat is characterized by the same transcriptional profile as the growth of human breast cancers, but it is still an additional validation of using this model to study human carcinogenesis. The connection with tumor development may be tenuous, however; since the fatty acid diets are capable of upregulating proliferation genes in rats, they might be able to do so as well in human tumors that would otherwise grow at a slower pace. In addition, if these fatty acids are capable of modifying proliferation rates of human mammary epithelium during puberty, they could potentially modify the risk of breast cancer later in life.
